The yeast telomerase regulatory protein Est3 is required for telomere maintenance in vivo, and shares intriguing structural and functional similarities with the mammalian telomeric protein TPP1. Here we report our physical and functional characterizations of Est3 homologues from Candida parapsilosis and Lodderomyces elongisporus, which bear unique N-and C-terminal tails in addition to a conserved central OB fold. We show that these Est3 homologues form stable complexes with the TEN domain of telomerase reverse transcriptase. Efficient complex formation requires both the N-and C-terminal tails, as well as conserved OB fold residues of Est3. Other Est3 homologues devoid of the tails failed to interact strongly with the cognate TEN domains. Remarkably, the C. parapsilosis Est3 alone exhibits no appreciable DNA-binding activity, but can be crosslinked to telomeric DNA in the presence of the TEN domain. A conserved basic residue on the putative DNAbinding surface of CpEst3 is required for efficient crosslinking. Mutating the equivalent residue in Candida albicans Est3 caused telomere attrition. We propose that interaction with the TEN domain unmasks a functionally important nucleic acid-binding activity in Est3. Our findings provide insights on the mechanisms and evolution of a widely conserved and functionally critical telomeric/ telomerase component.
The yeast telomerase regulatory protein Est3 is required for telomere maintenance in vivo, and shares intriguing structural and functional similarities with the mammalian telomeric protein TPP1. Here we report our physical and functional characterizations of Est3 homologues from Candida parapsilosis and Lodderomyces elongisporus, which bear unique N-and C-terminal tails in addition to a conserved central OB fold. We show that these Est3 homologues form stable complexes with the TEN domain of telomerase reverse transcriptase. Efficient complex formation requires both the N-and C-terminal tails, as well as conserved OB fold residues of Est3. Other Est3 homologues devoid of the tails failed to interact strongly with the cognate TEN domains. Remarkably, the C. parapsilosis Est3 alone exhibits no appreciable DNA-binding activity, but can be crosslinked to telomeric DNA in the presence of the TEN domain. A conserved basic residue on the putative DNAbinding surface of CpEst3 is required for efficient crosslinking. Mutating the equivalent residue in Candida albicans Est3 caused telomere attrition. We propose that interaction with the TEN domain unmasks a functionally important nucleic acid-binding activity in Est3. Our findings provide insights on the mechanisms and evolution of a widely conserved and functionally critical telomeric/ telomerase component.
T elomeres are specialized nucleoprotein structures that maintain the integrity of eukaryotic chromosomal termini by protecting them from fusion and recombination, and promoting their replication [for reviews see (1, 2) ]. In most organisms, telomeric DNA consists of short repetitive sequences that are rich in Gresidues on the 3′ end-containing strand. The repeats on this strand are replenished by the telomerase ribonucleoprotein (RNP), whose essential polymerization function is mediated by two core components: a catalytic reverse transcriptase protein (TERT) and a template-specifying RNA [for reviews see (3, 4) ]. Both telomere-binding proteins and telomerase are critical for the maintenance of telomere integrity through multiple cycles of cell divisions, which in turn is pivotal in supporting genome stability and promoting cellular life span.
The telomerase RNP in the budding yeast Saccharomyces cerevisiae has been extensively characterized, and contains at least two auxiliary protein components that are essential for telomere maintenance in vivo, but dispensable for telomerase activity in vitro. Of the two proteins, Est1 is believed to promote the recruitment of the telomerase complex to chromosome ends through an interaction with the G-tail binding factor Cdc13 (5) . A nonrecruitment, or activation function for Est1 is also evident from existing data, though the precise nature of this function is a subject of debate (6) (7) (8) . More recently, bioinformatic analysis coupled with functional studies lead to the proposal that Est3 utilizes an unusual OB fold to associate with telomere core components and that Est3 structurally and functionally resembles the mammalian telomeric protein TPP1, raising the intriguing possibility that these two protein families are derived from a common ancestor (9, 10) . Interestingly, while initial experiments failed to disclose a contribution of Est3 to the DNA extension activity of telomerase in vitro for the S. cerevisiae enzyme, subsequent analysis of both the Saccharomyces castellii and Candida albicans telomerase do support such a function (7, 11) . In the case of the C. albicans telomerase, the stimulatory function of Est3 is strongly dependent upon the DNA substrate sequence. Indeed, the telomerase complex isolated from an est3 null strain is completely incapable of adding nucleotides onto primers corresponding to certain portions of the C. albicans telomere repeat.
Even though many of the previous findings highlight the importance of the interaction between Est3 and telomerase core components, the binding target of Est3 within the telomerase complex has remained elusive. A 10-amino acid-substitution in the N-terminal region of S. cerevisiae Tert (Est2) impaired the association of both Est1 and Est3 with telomerase core (12) . These 10 amino acid residues lie within a conserved N-terminal domain of Tert known as the GQ or TEN domain. This domain is believed to serve as the anchor site of telomerase, which enables the RNP to bind stably to telomeric DNA during repeated cycles of reverse transcription (3, 13 ). An attractive hypothesis, then, is that Est3 may modulate telomerase activity by influencing the conformation and activity of telomerase anchor site. However, exploration of this and related hypotheses has been hampered by an inability to reconstitute Est3-Tert interaction in vitro using purified components. In this report, we show that two unusual Est3 homologues (from Candida parapsilosis and Lodderomyces elongisporus) can indeed form stable complexes with their respective TEN domains. The Est3 proteins alone exhibit no appreciable nucleic acid-binding activities. However, in a complex with the cognate TEN domain, the Est3 protein can be efficiently crosslinked to telomeric DNA. Replacing a conserved basic residue on the putative DNA-binding surface of Est3 substantially reduced its DNA-crosslinking efficiency. We propose that Est3 possesses a cryptic and functionally important DNA-binding activity that is unmasked only in association with the TEN domain.
substitution mutations in the TEN domain of S. cerevisiae Est2 (D66A, G85A, and N104A/V105A) that do not affect primer extension activity but caused substantial telomere shortening. To assess the potential role of Est1 and Est3 in this defect, we tested the effect of overexpressing either protein in the background of each TEN domain mutant. Overexpression of Est1 caused telomere lengthening in the wild type and each of the est2 mutant strains, consistent with a previous report and with the notion that this protein is normally limiting for telomere elongation (Fig. S1) (14) . Interestingly, overexpression of Est3 restored telomere length in just the D66A and G85A mutant, suggesting a more specific functional interaction between this protein and the TEN domain ( Fig. S1 ). Both this overexpression study and previous findings hint at a physical interaction between Est3 and the TEN domain (12) . However, we were unable to detect robust interaction between the two factors using purified recombinant protein preparations of either the S. cerevisiae (Sc), C. albicans (Ca), or C. tropicalis (Ct) origin. One plausible reason for this failure is the absence of Est1 in the binding assay; both ScEst1 and CaEst1 have been shown to facilitate the interaction between Est3 and telomerase core components in cell extracts (7, 15) .
The Absence of EST1 and the Presence of Extended EST3 in the C. parapsilosis and L. elongisporus Genome. Tomaska and colleagues recently made the surprising observation that the EST1 gene is apparently missing from the C. parapsilosis (Cp) and L. elongisporus (Le) genome (16) . Given the aforementioned influence of Est1 on Est3-telomerase interaction, we were prompted to examine the sequences of the EST3 homologues in these two organisms. Interestingly, the two EST3-like genes in Cp and Le are both substantially larger than other family members (∼350 amino acids rather than ∼200 amino acids) due to the presence of long N-and C-terminal extensions that flank the central OB fold domain (Fig. 1A) . Comparison of the genomic loci of the EST3 genes in these two Candida species against those from other species revealed a translocation event on the 5′ side of EST3, providing a plausible mechanism for drastic remodeling of the EST3 gene (Fig. S2) .
To determine if the unusually large EST3 genes are involved in telomere maintenance, we attempted to replace both CpEST3 alleles with a recyclable NAT marker (17) . While we were able to delete one CpEST3 allele, repeated attempts at generating a homozygous null mutant were unsuccessful. Analysis of the heterozygous mutant revealed a modest but reproducible shortening of telomeres, consistent with a role for the large Est3 homologues in telomere maintenance (Fig. S3 ).
CpEst3 and LeEst3 Interact Directly with the Respective TEN Domain from Tert. The simultaneous loss of EST1 and expansion of EST3 raise the intriguing possibility that the latter modification may have arisen to compensate for the former. That is, the long N-and C-terminal tails of CpEst3 and LeEst3 may enable these homologues to bind the respective TEN domains with higher affinity in the absence of Est1 (18) . To test potential interactions between the CpEst3 and CpTEN domain, we expressed these proteins in Escherichia coli as GST and His 6 -SUMO (small ubiquitin-like modifier) fusion proteins, respectively. The SUMO tag was added to improve the solubility and expression level of the TEN domain (19) . To simplify the discussion, the HIS 6 -SUMO fusion proteins will henceforth be referred to as SUMO fusions. The Est3 and TEN domain fusion proteins were purified by affinity chromatography and subjected to pull-down analysis using glutathione-Sepharose resins. For comparative purposes, we also examined the Ct Est3 and TEN domain in the same series of assays. As shown in Fig. 1B , neither GST nor GST-CtEst3 retained appreciable levels of either SUMO-CtTEN or SUMO-CpTEN on the glutathione resin. In contrast, GST-CpEST3 was able to retain a significant amount of CpTEN fusion as judged by both Coomassie staining and Western analysis (Fig. 1B, lane 6) . A low level of CtTEN fusion was also retained by GST-CpEST3, but the affinity of this interaction is evidently much weaker than that between the Cp protein pair (Fig. 1B , compare lane 5 and 6). Additional assays ruled out a role for the SUMO tag in the binding reaction (Fig. S4) . Comparable analysis revealed an interaction between the Est3 and TEN domain derived from L. elongisporus (Fig. S5) . We conclude that the TEN domain and Est3 in C. parapsilosis and L. elongisporus interact directly and selectively with each other.
We then investigated the role of the extended N and C terminus of Est3 in TEN domain-binding. Truncated CpEst3 and LeEst3 missing either the N-or C-terminal tail or both were expressed as GST fusions and tested for their ability to retain the cognate SUMO-TEN on glutathione-Sepharose. To allow for more quantitative comparison of binding affinity, increasing concentrations of the SUMO-TEN fusion proteins were titrated into the pull-down assays. As shown in Fig. 2 , both tails evidently contributed varying degrees of enhancement to the Est3-TEN domain interaction. However, the degrees of contributions by the tails are species-dependent. In C. parapsilosis, removing the N terminus of Est3 reduced binding by more than 80%, whereas deleting the C terminus had only a modest effect ( Fig. 2 A and C) . In L. elongisporus, removing the N terminus caused only a 30% reduction in binding, whereas deleting C terminus resulted in a 5-fold reduction ( Fig. 2 B and D) . All of the deletion mutants can be expressed at significant levels in soluble forms in E. coli, suggesting that they are not grossly misfolded, and consistent with the prediction that the OB-fold of Est3 can fold autonomously. The apparent Kd for the LeEst3-LeTEN interaction is ∼0.7 μM, whereas that for the CpEst3-CpTEN is too large to be reliably estimated. We conclude that the unusual tails of CpEst3 and LeEst3 are indeed required for optimal interaction with the TEN domain.
Previous investigation of CaEst3 and ScEst3 has identified several conserved OB fold residues required for Est3-telomerase association in cell extracts (e.g., W36 and D91 in CaEst3 and E114 and T115 in ScEst3) (9, 10) . Some of these residues are known to be required for protein stability and may thus contribute to the folding of Est3 (9, 10) . Two equivalent residues in CpEst3 (W122 and D183) were mutated to Ala and the resulting mutants analyzed in the pull-down assay. Each mutant exhibited an ∼50% reduction in its binding to CpTEN, implying that CpEst3 utilizes a conserved OB fold surface as well as the N-and C-terminal tails to interact with the TEN domain (Fig. S6 ). DNA-binding activity and proposed to act as the anchor site for the complex (20) (21) (22) . In contrast, not withstanding an earlier report, we and others had been unable to detect a DNA-binding activity for ScEst3 and CaEst3 (9, 11, 23) . The direct physical interaction between Est3 and TEN domain raises the interesting possibility that they may influence each other's nucleic acid-binding properties. To address this possibility, we first characterized the DNA-binding activity of CpTEN using a photo crosslinking assay (22) . Purified SUMO-CpTEN was incubated with a labeled telomere oligonucleotide containing one Iodo-dU substitution, irradiated with UV light, and the resulting products analyzed by SDS-PAGE. Consistent with covalent adduct formation, a labeled product ∼9 kDa larger than the free protein (which is 34 kDa) can be detected (Fig. 3A) . The crosslinking signal is substantially reduced by high concentrations of competitor DNA, but not RNA (Fig. 3B) . We also tested oligonucleotide competitors with different DNA sequences and found that the crosslinking inhibition is relatively insensitive to the sequence of the competitor. These results suggest that a non-sequence-specific DNA-binding site on the TEN domain is responsible for the crosslinking activity. We then proceeded to analyze the effect of TEN-Est3 interaction on the DNA-binding property of the TEN domain. Initially, we added purified GST-CpEst3 to the SUMO-CpTEN reaction, and did not observe an effect of this addition on crosslinking adduct formation. However, we realized that in these reactions, the concentrations of the Est3-TEN complex were relatively low in comparison to free CpEst3 or CpTEN. Because of the high Kd of binding, only a small fraction of SUMO-CpTEN became associated with GST-CpEst3. We therefore experimented with other methods of preparing Est3-TEN complexes and found that by coexpressing MBP-CpEst3 and SUMO-CpTEN in E. coli, we can prepare relatively high concentrations of this protein complex for crosslinking analysis. Hence we compared the crosslinking properties of this complex and individual proteins in subsequent assays. Interestingly, the crosslinking efficiency of SUMOCpTEN in the complex was slightly lower than that of the free protein, suggesting that binding of Est3 may reduce the DNAbinding activity of the TEN domain (Fig. 3C , compare lane 1-2 and lane 3-4). As expected, MBP-CpEst3 by itself did not exhibit significant crosslinking to single strand telomeric DNA (Fig. 3D) . But strikingly, in assays that contained high concentrations of the complex, a product of the size predicted for an MBPCpEst3-DNA adduct can be detected (Fig. 3 C and D) . To confirm that this product was indeed due to MBP-CpEst3, we treated the complex with TEV protease and subjected the resulting preparation to the UV crosslinking assay (Fig. S7) . Because of the presence of a specific cleavage site in the MBP-CpEst3 fusion protein, TEV was expected to sever the MBP tag from CpEst3, resulting in two ∼43 kDa proteins. The digested products were indeed detected. However, only ∼ 1 2 of the MBP-CpEst3 was cleaved even with high concentrations of TEV, indicating that the reaction was inefficient. Most importantly, we found that the TEV treated sample yielded a new crosslinking product of 52 kD, which is quite consistent with the size of a CpEst3-DNA conjugate. We considered the possibility that if Est3 has a low intrinsic DNA-binding activity in isolation, this activity may be revealed by the addition of a macromolecular crowding agent. However, even in the present of 10% PEG, MBP-CpEst3 and MBP did not exhibit appreciable DNA-crosslinking activity (Fig. S8) . Altogether, these results support the notion that CpEst3 has a cryptic DNAbinding activity that is only manifested in the presence of the TEN domain.
A Conserved Basic Residue Is Required for Efficient CpEst3-DNA-Crosslinking and Telomere Maintenance. To identify residues in CpEst3 involved in telomeric DNA-binding, we used the crystal structures of TPP1 and TEBPβ, as well as existing knowledge of OB fold-DNA interaction as guides (24) (25) (26) . Two residues located on the presumed DNA-binding surface flanked by L1-2 and L4-5 (Arg164 and Phe237) were targeted for mutagenesis and functional analysis (Fig. 4A, Fig. S9 ). However, the F237A mutation caused a substantial reduction in the expression level of MBPCpEst3 in E. coli. We therefore focused our analysis on the R164A mutant. Complexes containing either wild type MBPCpEst3 or the R164A mutant were purified from E. coli by successive affinity chromatography and subjected to the UV crosslinking assay (Fig. 4 B and C) . Notably, the R164A mutant exhibited substantially reduced crosslinking to telomeric DNA, whereas the levels of SUMO-CpTEN-DNA adducts generated by both complexes were similar. Quantitation revealed an ∼3.5 fold reduction in the crosslinking efficiency of the R164A mutant (Fig. 4D) . We conclude that Arg164 is required for efficient CpEst3-DNA interaction.
We then probed the functional significance of DNA-binding by Est3 through analysis of the equivalent basic residue in C. albicans (Arg72). A previous study has revealed a modest defect in telomere maintenance but normal primer extension activity for C. albicans carrying the R72A mutant allele of EST3 [ Fig. 2 in (9)]. We reexamined the telomeres of this mutant as well as an R72E mutant strain. Multiple wild type and mutant clones were propagated for ∼250 generations and then analyzed with respect to telomere lengths (Fig. S10A) . Consistent with previous findings, both the R72A and R72E mutation caused a moderate defect in telomere maintenance (Fig. S10A, compare lanes 5-8 and  lanes 1-2) . Specifically, both mutants exhibited a relative reduction in the percentage of long telomeres and a relative increase of short telomeres in comparison with the wild type clones. Careful quantification confirmed a modest shortening of average telomere lengths in all mutant samples. Specifically, the average telomere lengths for the wild type, est3 null, R72A, and R72E clones were found to be 2.0 kb, 1.1 kb, 1.6 kb, and 1.55 kb, respectively. Additional experiments showed that the R72A and R72E mutant proteins were expressed at normal levels and exhibited normal association with telomerase RNA (Fig. S10 B and C) . We conclude that Arg72 in CaEst3 is indeed required for normal telomere maintenance, probably by contributing to the DNAbinding activity of Est3. In further support of a conserved DNA-binding function for Est3, others have shown that mutating the equivalent basic residue in ScEst3 (Lys68) caused telomere attrition (10, 27) . However, because we are unable to assay the DNA-binding activity of CaEst3 or ScEst3, we cannot rule out the possibility that the Lys68 and Arg72 mutations affected other reported or as yet undiscovered function of Est3 (e.g., dimerization) (27) .
Discussion
The chief significance of the current work resides in the demonstration of a direct physical interaction between Est3 and TEN domain and the discovery of a cryptic and functionally important DNA-binding activity in Est3. Notably, these observations were made through analyses of Est3 homologues with unusually long N-and C-terminal extensions that help to stabilize Est3-TEN interaction. Further experiments are necessary to determine if the findings are true for all Est3s. However, we note that in support of the notion of mechanistic conservation, both the TEN domain-and DNA-binding activity of CpEst3 require conserved residues.
Previous studies have shown that the ability of Est3 to associate with the telomerase core components is required for Est3-mediated telomere maintenance; mutations that impaired this association invariably caused telomerase dysfunction (9, 10). However, binding of Est3 to telomerase is evidently not sufficient for the full activity of Est3 in vivo; quite a few EST3 mutations impaired telomere maintenance without affecting Est3-telomerase association or the primer extension activity of telomerase in vitro (9, 10) . These and other findings led to the suggestion that Est3 promotes telomerase function through a second mechanism. Experiments described in this report suggest that this second mechanism of Est3 may involve its DNA-binding activity. In particular, we identified a conserved basic residue in CpEst3 (Arg164) that is required for optimal DNA-binding, and showed that mutations of the corresponding residue in CaEst3 (Arg72) impaired telomerase function in vivo, but not primer extension activity in vitro. Moreover, previous analyses have implicated the corresponding residue in ScEst3 (Lys68) in telomere maintenance but not Est3-telomerase association; mutating this Lys residue to Ala, Glu, Ser, or Trp caused significant telomere loss (10, 27) . A priori, one might expect the DNA-binding activity of Est3 to have a significant impact on telomerase-primer interaction, and hence the activity of telomerase in primer extension assays. However, it is possible that the effect is subtle and difficult to detect with existing assay conditions. Another possibility is that the DNA-binding activity of Est3 may be needed to antagonize a repressor in vivo. In the latter scenario, an effect of the DNAbinding activity on primer extension in vitro would only be detectable in the presence of the repressor. Further studies will be necessary to address these and other hypotheses.
The current study also provides insights on the evolutionary relationship between Est3 and the mammalian telomeric protein TPP1, as well as the ciliate telomere end-binding protein TEBPβ. Although initial sequence analyses failed to disclose any relationship between these protein families, subsequent structural and functional studies raise the intriguing possibility that these families share a common ancestor. First, the crystal structure of an N-terminal domain of TPP1 revealed an unusual OB fold domain that bears a striking resemblance to Oxytricha TEBPβ (25) . Second, hidden Markov Model-based comparisons revealed potential structural and sequence similarities between Est3 and the OB-fold domain of TPP1 (9). Third, TPP1 was shown to stimulate telomerase activity and processivity in cooperation with POT1 (a mammalian single strand telomere-binding protein), and may thus be functionally similar to Est3 (25) . Nevertheless, an orthologous relationship between Est3 and TPP1 has been questioned based primarily on the fact that TPP1 is a larger protein with additional domains and that TPP1 is a telomeric protein component rather than a telomerase subunit (10, 11) . Notably, the two key observations of this report, i.e., Est3-TEN domain interaction and direct DNA-binding by Est3, both provide additional support for shared properties between Est3 and TPP1. Specifically, a mutation in the TEN domain of mammalian TERT abrogated the ability of TPP1 to stimulate telomerase processivity, consistent with a physical interaction between TPP1 and TEN domain (28) . In addition, though TPP1 has not been shown to contact DNA directly, its ciliate orthologue TEBPβ is known to bind DNA using the comparable OB-fold domain (24) . Altogether, the impressive number of shared features between Est3 and TPP1 lends additional credence to the idea that these two protein families are derived from a common ancestral telomere protein. A striking implication of this idea is that a telomeric component has somehow undergone drastic remodeling and evolved into a subunit of the telomerase complex. The history for this process is in all likelihood difficult to reconstruct (18) . Nevertheless, it appears that similarly drastic changes have transpired in other telomeric proteins (e.g., plant POT1), thus highlighting the malleability of the telomere maintenance machinery in some eukaryotes (23, 29) .
Another illustration of this malleability is the loss of EST1 in C. parapsilosis and L. elongisporus. This loss is rather surprising given the multiplicity of telomere maintenance functions that Est1 is known to perform in a broad range of organisms ranging from fungi to mammals (30, 31) . In S. cerevisiae for example, Est1 is known to help recruit telomerase to telomere ends and also to promote Est3-telomerase association. That these functions and related interactions can somehow be bypassed in C. parapsilosis and L. elongisporus is certainly unexpected. Nonetheless, several earlier analyses have hinted at the functional plasticity of Est1 in fungi and other organisms. In C. albicans, for example, the binding target of Est1 that is required for its recruitment function in S. cerevisiae (the recruitment domain of the telomere end-binding protein Cdc13) is apparently missing, suggesting an alternative recruitment mechanism (18, 32) . In humans too, there is no evidence for a recruitment function for the Est1 homologues (33, 34) . Moreover, the interactions that enable human Est1 homologues to associate with telomerase appear to be quite distinct from those described for budding yeast (35) . Finally, in contrast to yeast Est1, human Est1 homologues may have a significant function in nonsense mediated decay (36) . In this study, we provide one illustration of how a particular function of Est1 (i.e., promoting Est3-telomerase interaction) can be bypassed. Investigating the recruitment mechanisms of telomerase in C. parapsilosis and L. elongisporus may lead to other illustrations of bypass mechanisms and a broader understanding of telomere evolution.
Materials and Methods
Construction and Growth of S. cerevisiae, C. albicans, and C. parapsilosis Strains. These procedures are performed according to published protocols and described in detail in SI Text.
Recombinant Protein Expression. The GST, MBP, and His 6 -SUMO fusion proteins were expressed using the pGEX-4T2, pMAL-C2TEV, and pSMT3 vectors, respectively (32, 37) . Like other Candida spp., C. parapsilosis and L. elongisporus translate the CUG codon as Serine rather than Leucine. Hence all CTG triplets in the EST3 and TERT genes in the expression vectors were mutated to TCG to enable the production of wild type proteins. The expression vectors were transformed into the BL21 þ strain and grown in LB with appropriate antibiotics. Inductions were all carried out in 0.1 mM IPTG at 16°C for 16-20 h. Extracts were prepared in Buffer E (50 mM Tris.HCl, pH 7.5, 250 mM NaCl, 10% glycerol) and the recombinant proteins purified using appropriate affinity resins following the manufacturers' protocols. Construction and Growth of S. cerevisiae, C. albicans, and C. parapsilosis Strains. The Candida parapsilosis Est3/est3 strain was generated using the CLIB214 parental strain and a pCD8-based disruption cassette (1) . Transformation was performed as described and the transformants selected on YPD (1% yeast extract, 2% peptone, 2% dextrose) plates containing 200 μg∕mL Nourseothricin (1) . Correct targeting of the cassette was confirmed by Southern analysis. The Candida albicans est3 null strain, and the ones carrying one EST3-proA allele have been described (2, 6) . Strains were all passaged at 30°C on solid YPD+uri medium (2% peptone, 1% yeast extract, 2% dextrose and 80 μg∕mL uridine). Each streak corresponds to ∼2 d and ∼25 generations of growth. The construction of S. cerevisiae strain harboring the D66A, G85A, and NV104AA mutants of EST2 has been described (5). For overexpression of Est1 and Est3, the respective genes were cloned downstream of the strong constitutive triose phosphate isomerase promoter in plasmid pYX-212, which contains the URA3 selectable marker (Ingenius Inc.). The overexpression plasmids were transformed into strains harboring EST2 mutations, and the resulting clones were grown on SD (Synthetic Defined)-trp-ura medium for ∼75 generations followed by telomere length analysis (4).
Analysis of Telomeres and Telomerase in EST3 Mutants. The analyses of telomere lengths, Est3-proA levels, and Est3-Ter1 association in C. albicans strains bearing the R72A and R72E mutants were performed according to published protocols (3, 6) . The average telomere length for each sample is determined as follows: First, the telomere signal intensity in the PhosphorImager scan was plotted against telomere length on the y-and x-axis, respectively. Then, the area under the plot was integrated. The x-coordinate that divides the area into two equal halves was defined as the average telomere length. Fig. S3 . The C. parapsilosis Est3/est3 strain exhibits mild telomere shortening. Several clones of the wild type (WT, CLIB214) and EST3/est3 strain were propagated in YPD for approximately 50 generations and the chromosomal DNAs subject to telomere Southern analysis after cleavage with AluI. The probe corresponds to two units of the C-strand telomere repeat in C. parapsilosis (5′-ACCTCAGTATAATCAACATCCGG ACCTCAGTATAATCAACATCCGG-3′) (1). The ability of His 6 -SUMO-CpEst3 (250 nM) to bind the wild type and two mutated GST-CpEst3 (2.4 μM) fusion proteins was monitored in pull-down assays. The samples were analyzed by SDS-PAGE and Coomassie staining.
(Right) The ratio of SUMO-CpTEN to GST-CpEst3 in the pull-down samples were quantified, normalized to the wild type sample value, and plotted. Data are from three independent measurements.
MBP-Est3
Est3 SUMO-TEN Fig. S7 . CpEst3 crosslinks to DNA in the presence of TEN domain. The complex containing MBP-CpEst3 and SUMO-CpTEN fusion proteins was incubated in the absence or presence of TEV protease and then subjected to the crosslinking assay. The protein preparations and the crosslinking products were analyzed by SDS-PAGE and on a PhosphorImager (left and right pictures, respectively). The protease converted ∼1∕2 of the MBP-CpEst3 fusion protein to MBP and CpEst3.
The amount of MBP-CpEst3-DNA adduct (∼104 KDa) was reduced in the TEV-treated sample. Correspondingly, a product with a size predicted for a CpEst3-DNA adduct (∼52 KDa) can be detected in the TEV-treated sample. These results confirm our assignment of the MBP-CpEst3-DNA crosslinking product. Fig . S10 . Analysis of the CaEst3 R72A and R72E mutants. (A) The C. albicans est3 null strain was reconstituted with one copy of the wild type or mutated EST3-proA gene (R72A or R72E) and were passaged for ∼250 generations. DNAs were isolated from two independently propagated clones and subjected to Southern analysis of telomere lengths. (B) The levels of Est3-proA in the indicated extracts were analyzed by IgG-Sepharose pull down and Western using antibodies directed against the protein A tag. (C) The levels of Est3-proA-associated Ter1 (telomerase RNA) in the indicated extracts were analyzed by IgG-Sepharose pull down and quantitative RT-PCR using primers designed to amplify a 350-bp fragment of the Ter1 RNA.
